The recent observation by the IceCube neutrino observatory of an astrophysical flux of neutrinos represents the "first light" in the nascent field of neutrino astronomy. The observed diffuse neutrino flux seems to suggest a much larger level of hadronic activity in the non-thermal universe than previously thought and suggests a rich discovery potential for a larger neutrino observatory. This document presents a vision for an substantial expansion of the current IceCube detector, IceCubeGen2 , including the aim of instrumenting a 10 km 3 volume of clear glacial ice at the South Pole to deliver substantial increases in the astrophysical neutrino sample for all flavors. A detector of 3 this size would have a rich physics program with the goal to resolve the sources of these astrophysical neutrinos, discover GZK neutrinos, and be a leading observatory in future multi-messenger astronomy programs.
The recent observation by the IceCube neutrino observatory of an astrophysical flux of neutrinos represents the "first light" in the nascent field of neutrino astronomy. The observed diffuse neutrino flux seems to suggest a much larger level of hadronic activity in the non-thermal universe than previously thought and suggests a rich discovery potential for a larger neutrino observatory. This document presents a vision for an substantial expansion of the current IceCube detector, IceCubeGen2 , including the aim of instrumenting a 10 km 3 volume of clear glacial ice at the South Pole to deliver substantial increases in the astrophysical neutrino sample for all flavors. A detector of this size would have a rich physics program with the goal to resolve the sources of these astrophysical neutrinos, discover GZK neutrinos, and be a leading observatory in future multi-messenger astronomy programs.
EXECUTIVE SUMMARY
Developments in neutrino astronomy have been driven by the search for the sources of cosmic rays, leading, at an early stage, to the concept of a cubic kilometer neutrino detector. Four decades later, IceCube has discovered a flux of high-energy neutrinos of cosmic origin [1, 2] . The observed neutrino flux implies that a significant fraction of the energy in the non-thermal universe, powered by the gravitational energy of compact objects from neutron stars to supermassive black holes, is generated in hadronic accelerators. High-energy neutrinos therefore hold the discovery potential to either reveal new sources or provide new insight into the energy generation of known sources.
The observed spectrum of neutrinos, resulting from general agreement among a sequence of independent analyses of multiple years of IceCube data, has revealed approximately 100 astrophysical neutrino events. The ability of IceCube to be an efficient tool for neutrino astronomy over the next decade is limited by the modest numbers of cosmic neutrinos measured, even in a cubic kilometer array. In this paper we present a vision for the next-generation IceCube neutrino observatory, at the heart of which is an expanded array of light-sensing modules that instrument a 10 km 3 volume for detection of high-energy neutrinos. With its unprecedented sensitivity and improved angular resolution, this instrument will explore extreme energies (PeV-scale) and will collect high-statistics samples of astrophysical neutrinos of all flavors, enabling detailed spectral studies, significant point source detections and new discoveries. The large gain in event rate is made possible by the unique optical properties of the Antarctic glacier revealed by the construction and operation of IceCube. Extremely long photon absorption lengths in the deep ice means the spacing between strings of light sensors may exceed 250 m, enabling the instrumented volume to grow rapidly while the cost for the high-energy array remains comparable to that of the current IceCube detector. By roughly doubling the instrumentation already deployed, a telescope with an instrumented volume of 10 km 3 is achievable and will yield a significant increase in astrophysical neutrino detection rates. The instrument will provide an unprecedented view of the high-energy universe, taking neutrino astronomy to new levels of discovery with the potential to * Authors (E. Blaufuss, F. Halzen, C. Kopper) to whom correspondence should be addressed; blaufuss@icecube.umd. edu, francis.halzen@icecube.wisc.edu, ckopper@icecube. wisc.edu † on leave of absence from Université Libre de Bruxelles ‡ NASA Goddard Space Flight Center, Greenbelt, MD 20771, USA resolve the question of the origin of the cosmic neutrinos recently discovered [1, 2] .
By delivering a significantly larger sample of highenergy neutrinos with improved angular resolution and measurement of the energy, a detailed understanding of the source distribution, spectrum and flavor composition of the astrophysical neutrinos is within reach. This sample will reveal an unobstructed view of the universe at >PeV energy, previously unexplored wavelengths where most of the universe is opaque to high-energy photons. The operation of a next-generation IceCube detector in coincidence with the next generations of optical-togamma-ray telescopes and gravitational wave detectors will present novel opportunities for multi-messenger astronomy and multi-wavelength follow-up campaigns to obtain a complete picture of astrophysical sources.
Because of its sheer size, the high-energy array has the potential to deliver significant samples of EeV-energy GZK neutrinos, of anti-electron neutrinos produced via the Glashow resonance [3] , and of PeV tau neutrinos, where both particle showers associated with the production and decay of the tau are observed. GZK neutrinos produced in interactions of extragalactic cosmic rays with microwave photons are within reach of the instrument provided a fraction (at least at the 10% level) of the extragalactic cosmic rays are protons. Their observation will complement PeV neutrino astronomy and may yield a measurement of the neutrino cross-section at center-ofmass energies of 100 TeV, testing electroweak physics at energies beyond the reach of terrestrial accelerators.
Neutrino astronomy will be one one of many topics in the rich science program of a next-generation neutrino observatory. In addition to studying the properties of cosmic rays and searching for signatures of beyond-thestandard-model neutrino physics, this world-class, multipurpose detector remains a discovery instrument for new physics and astrophysics. For instance, the observation of neutrinos from a supernova in our galactic neighborhood, in coincidence with astronomical and gravitational wave instruments, would be the astronomical event of the century, providing an unprecedented wealth of information about this key astrophysical process.
The proposed IceCube-Gen2 high-energy array is envisioned to be the major element of a planned large-scale enhancement to the IceCube facility at the South Pole station. Members of the IceCube-Gen2 Collaboration, which is now being formed, are working to develop proposals in the US and elsewhere that will include, besides this next generation IceCube high-energy detector, the PINGU sub-array [4] that targets precision measurements of the atmospheric oscillation parameters and the determination of the neutrino mass hierarchy. The facility's reach may further be enhanced by exploiting the air-shower measurement and vetoing capabilities of an extended surface array and a radio array to achieve improved sensitivity to neutrinos in the 10 16 -10 20 eV energy range, including GZK neutrinos.
While details of the design of the IceCube-Gen2 highenergy array, such as the inter-string separations and deployment geometries, remain to be finalized, key elements of its baseline design are robust. The hot water drilling systems that deploys instrumentation deep into the Antarctic glacier and the digital optical module that records the light radiated by secondary particles produced in neutrino interactions are the key elements for the construction of IceCube-Gen2 . Based upon the highly successful designs of the IceCube project, minimal modifications will target improvements focused on modernization, efficiency, and cost savings. These robust baseline designs allow for construction of IceCubeGen2 with exceptionally low levels of cost and schedule risk while still exploring new concepts for light sensors in parallel. Further, due to its digital architecture, the next-generation facility can be operated jointly with the IceCube detector without a significant increase in operational costs.
The path forward is clear. A complete preliminary design for the IceCube-Gen2 high-energy array that combines the robust systems for drilling and detector instrumentation with an optimized deployment arrangement that maximizes sensitivity to these newly found astrophysical neutrinos will evolve in the near future. Once in operation, the IceCube-Gen2 high-energy array, as part of the larger IceCube-Gen2 facility at the South Pole, will truly be the flagship experiment of the emerging field of neutrino astronomy.
I. INTRODUCTION
A. IceCube: the First Kilometer-Scale Neutrino Detector High-energy neutrinos have a unique potential to probe the extreme universe. Neutrinos reach us from the edge of the universe without absorption or deflection by magnetic fields. They can escape unscathed from the inner neighborhood of black holes and from the accelerators where cosmic rays are born. Their weak interactions make neutrinos very difficult to detect. By the 1970s, it had been understood [5] that a kilometer-scale detector was needed to observe the GZK neutrinos produced in the interactions of cosmic rays with background microwave photons [6] . Today's estimates of neutrino fluxes from potential cosmic ray accelerators such as galactic supernova remnants, active galactic nuclei (AGN), and gamma-ray bursts (GRB) point to the same size requirement [7] [8] [9] [10] [11] [12] [13] . Building such a neutrino telescope has been a daunting technical challenge, focusing on instrumentation of large natural volumes of water or ice to observe the Cherenkov light emitted by the secondary particles produced when neutrinos interact with nuclei inside or near the detector [14, 15] .
Early efforts focused on deep-water-based detectors include DUMAND [16] , Lake Baikal [17] , and ANTARES [18] [19] [20] , which have paved the way toward the proposed construction of KM3NeT [21] in the Mediterranean sea and GVD [22] in Lake Baikal, both with complementary fields of view to that of IceCube. The deep ice of the Antarctic glacier is host to the first kilometerscale neutrino observatory. IceCube [23, 24] , completed and in full operation since 2010, builds upon the pioneering work of the Antarctic Muon and Neutrino Detector Array (AMANDA) [25] and has begun to probe signals from astrophysical neutrinos.
The IceCube neutrino detector ( Fig. 1) consists of 86 strings, each instrumented with 60 ten-inch photomultipliers spaced 17 m apart over a total length of one kilometer. The deepest modules are located at a depth of 2.45 km so that the instrument is shielded from the large background of cosmic rays at the surface by approximately 1.5 km of ice. Strings are arranged at apexes of equilateral triangles that are 125 m on a side. The instrumented detector volume is a cubic kilometer of dark and highly transparent [26] Antarctic ice.
Each digital optical module (DOM) consists of a glass sphere containing the photomultiplier and electronics that independently digitize the signals locally using an onboard computer. The digitized signals are given a global time stamp accurate to better than 3 ns and are subsequently transmitted to the surface. Processors at the surface continuously collect the time-stamped signals from the optical modules, and trigger events based on coincident signals seen in several DOMs. The depth of the detector and its projected area determine the trigger rate of approximately 2.7 kHz for penetrating muons produced by interactions of cosmic rays in the atmosphere above, outnumbering neutrinos by one per million at TeV energies. The neutrino rate is dominated by neutrinos produced in the Earth's atmosphere. The first challenge is to select a sufficiently pure sample of neutrinos, the second is to identify the small fraction that are astrophysical in origin.
Event characteristics such as location, direction and energy are reconstructed using the arrival times and intensity of photons recorded in the DOMs reporting signals in an event. The number of Cherenkov photons produced per unit of path length of a charged particle and their distribution in wavelength are well-known quantities [27] . A detailed understanding of the propagation of the photons in the ice [26] is required to relate light generated by relativistic particles to light observed in the DOMs. Good reconstruction of tracks in ice has been achieved and is still being improved [28] . For typical kilometer-length muon tracks, the angular resolution is better than 0.4
• . The photon timing patterns in each DOM provide the information to reconstruct the direction of the secondary electron or tau in shower events with an angular resolution of ∼ 15
• [29] . Neutrino events are broadly classified in two groups by their observed Cherenkov light patterns, muon tracks and particle showers (cascades). Muon tracks are produced by charged current interactions of muon neutrinos while cascades are produced by charged current interactions of electron and tau neutrinos as well as by neutral current interactions of all flavors. The range for ν µ -induced muons is on the order of kilometers, while the characteristic length scale of electromagnetic showers is only tens of meters. IceCube collects ν µ -induced muons filtered by the Earth and entering the detector from below. They overwhelmingly originate from the decay of mesons produced in cosmic ray interactions in the Earth's atmosphere. Atmospheric neutrinos are collected at a rate of ∼ 300 per day, have a mean energy of ∼ 1 TeV and form an irreducible background in searches for astrophysical neutrinos. At energies in excess of ∼ 100 TeV, the flux of atmospheric neutrinos is small, and events with higher energy are likely of astrophysical origin.
A complementary way to classify neutrino events is to distinguish events that start inside the detector from those in which the neutrino interacts outside, which can be done for neutrino events originating from the entire sky.
B. Neutrinos Associated with Cosmic Ray Accelerators
Cosmic accelerators are known to produce particles with energies in excess of 10 20 eV (100 EeV), yet we still do not know where or how they are accelerated [30] . The bulk of the cosmic rays are galactic in origin, but any association with our Galaxy vanishes at EeV energy where the gyroradius of a proton in the galactic magnetic field exceeds the size of the Galaxy. The cosmic-ray spectrum exhibits a rich structure above an energy of ∼ 0.1 EeV, but where the transition to extragalactic cosmic rays occurs remains an open question. Speculations on the ori- [26] . The conventional νe (red line) and νµ (blue line) from Honda, νe (red dotted line) from Bartol and charm-induced neutrinos (magenta band) [31] are shown. Previous measurements from Super-K [32] , Frejus [33] , AMANDA [34, 35] and IceCube [36, 37] are also shown. Details about the theoretical estimates shown can be found in Ref. [12] .
gin of cosmic rays generally concur that the power of the accelerator is supplied by the gravitational energy of a collapsed object. The energy and luminosity required to explain the measured fluxes are immense, and constrain the sources to objects such as supernova remnants or pulsars in our Galaxy, and gamma-ray bursts, starbursts, clusters of galaxies and active galaxies throughout the universe.
Neutrinos are naturally produced in association with cosmic rays. Cosmic rays accelerated in regions of high magnetic fields near black holes or neutron stars inevitably interact with radiation and matter surrounding them. In particle physics language, cosmic-ray accelerators and the surrounding material form beam dumps. Estimated neutrino fluxes from several candidate sources are shown in Fig. 2 , along with the irreducible atmospheric background as measured prior to the discovery of the astrophysical neutrino flux. Neutrinos from cosmicray accelerators dominate the steeply falling atmospheric neutrino flux above an energy of ∼ 100 TeV. Assuming an E −2 energy spectrum, the anticipated level of astrophysical events observed in a cubic-kilometer neutrino detector is 10 ∼ 100 per year. A more detailed description of the theoretical estimates can be found in reference [12] .
C. Discovery of Astrophysical Neutrinos
GZK neutrinos were the target of a dedicated search using IceCube data collected between May 2010 and May 2012. Two events were found [38] . However, their energies were in the PeV range: 1,040 TeV and 1,140 TeV, rather than the EeV energy associated with GZK neutrinos. The events are particle showers initiated by neutrinos interacting inside the instrumented detector volume. Their light pool of roughly one hundred thousand photoelectrons extends over more than 500 meters. With no evidence of an outgoing muon track, they are likely initiated by electron or tau neutrinos.
Inspired by the observation of these events, a filter was designed that exclusively identifies neutrinos that interact inside the detector. It divides the instrumented volume of ice into an outer veto shield and a 420 megaton inner fiducial volume. The separation between veto and signal regions was optimized to reduce the background of atmospheric muons and neutrinos to a handful of events per year while essentially keeping all contained neutrino interactions. By focusing on neutrinos interacting inside the instrumented volume of ice, the detector functions as a total absorption calorimeter measuring energy with a 10-15% resolution. Additionally, neutrinos from all directions in the sky can be identified, including both muon tracks produced in ν µ charged-current interactions and secondary showers produced by neutrinos of all flavors.
Analyzing the data covering the same 2 year period as the GZK neutrino search, 28 candidate neutrino events were identified with in-detector deposited energies between 30 and 1140 TeV, including the two events already found in the search for GZK neutrinos. Of these, 21 are showers whose energies are measured to better than 15% but whose directions are determined to 10-15 degrees only. Predominantly originating in the southern hemisphere, none show evidence for an accompanying muon track. If these neutrinos were produced in atmospheric air showers, they would likely be accompanied by muons produced in the parent air shower from which they originate. For 1 PeV down-going atmospheric neutrinos, where the expectation before the veto is a few events per year, this atmospheric self-vetoing would remove more than 99.9% of them by observing an accompanying muon in the deep detector in coincidence with the neutrino [39, 40] .
The remaining seven events contain muon tracks, which do provide sub-degree angular resolution, but a precise energy estimate is challenging as a fraction of the energy is carried away by the exiting muon track. Furthermore, with the present statistics, these are difficult to separate clearly from the atmospheric muon background.
Two additional years of data have been taken with the completed detector, and the first of these has been analyzed [2] . The three-year data set, with an exposure of 988 days, contains a total of 36 neutrino candidate events with deposited energies ranging from 30 TeV to 2000 TeV. The 2000 TeV event is the highest energy neu-
Deposited energies of events observed in 3 years of data with predictions. The hashed region shows uncertainties on the sum of all backgrounds. Muons (red) are computed from simulation to overcome statistical limitations in our background measurement and scaled to match the total measured background rate. Atmospheric neutrinos and uncertainties thereon are derived from previous measurements of both the π, K and charm components of the atmospheric spectrum [42] . A gap larger than the one between 400 and 1000 TeV appears in 43% of realizations of the best-fit continuous spectrum.
trino ever observed. In combining the three years of data, a purely atmospheric explanation of the data can be excluded at 5.7σ. Interestingly, the statistical significance is limited by the large errors on a possible atmospheric neutrino background from the production and prompt leptonic decay of charmed particles in air showers (see Fig. 2 ). There is no direct evidence of such a "prompt" flux in any past experiment.
Assuming an E −2 power-law spectrum, the best fit for 3 years of data to a superposition of astrophysical neutrinos on the atmospheric backgrounds yields an astrophysical neutrino flux of E 2 ν dN dEν = 2.9 × 10 −8 GeV cm −2 s −1 sr −1 for the sum of the three neutrino flavors. As will be discussed, this is the level of flux anticipated for neutrinos accompanying the observed cosmic rays [41] . Additionally, the energy and zenith angle dependence observed is consistent with what is expected for a flux of neutrinos of astrophysical origin (Fig. 3) . The flavor composition of the flux is, after corrections for the acceptances of the detector to the different flavors, consistent with 1:1:1 as anticipated for a flux originating in astrophysical sources.
The fourth year of data yielded 17 events that are currently being analyzed.
A completely independent analysis of the spectrum of muon neutrinos passing through the Earth has con- • above the horizon, as a function of the energy deposited inside the detector, used here as a proxy for the muon energy. The highest energy muons are, on average, initiated by PeV neutrinos.
firmed the existence of the astrophysical component first observed in neutrino events interacting inside the detector. This search focuses on upward-going muons originating from ν µ charged-current interactions passing through the instrumented volume. Analyzing the same two years of data used for the original starting-event analysis, an excess of high-energy muons tracks is found, rejecting a purely atmospheric neutrino explanation at 3.7σ [43] . The observed spectrum is consistent with the one obtained in the starting event analysis. Shown in Fig. 4 is the muon neutrino event rate as a function of an energy proxy closely related to the energy deposited by muons inside the detector. This deposited energy reflects only a fraction of the energy of the neutrino that initiated the events; for instance, the highest energies in Fig. 4 correspond, on average, to parent neutrino energies of ∼ 1 PeV. The best fit to the spectrum including conventional, charm and astrophysical components with unconstrained normalizations is shown in the figure. (Note that the charm component shown is not constrained well by the data in this sample and just represents a fluctuation in the fit compatible with previous upper limits).
This analysis already yields a sample of ten wellreconstructed muon neutrino events in the energy range where the astrophysical flux dominates. In the future it is likely to yield the most powerful data set for searching for point sources.
A recent analysis of starting events in IceCube [44] further lowered the energy threshold to about 10 TeV. A fit to the resulting data, assuming a single unbroken power law, finds a softer spectrum than the E −2 benchmark (E −2.46 ), and already mildly excludes a spectral index of 2. The result is also consistent with more complicated spectral shapes and the best-fit spectral index range of the original contained 3 year analysis of 2.0 -2.6. [2] D. Impact of the Discovery of Astrophysical Neutrinos
The most immediate impact of the discovery of astrophysical neutrinos is that the flux level observed is exceptionally high by astronomical standards. The magnitude of the observed flux is at a level of the WaxmanBahcall bound [41] which applies to neutrino production in sources that are also responsible for UHECRs. A saturation of this bound can only be achieved with sources where accelerator and target are essentially integrated, i.e. cosmic ray reservoirs [45] such as starburst galaxies [46, 47] , clusters of galaxies [48] [49] [50] or by acceleration near the cores of active galaxies [51, 52] . Such cosmic accelerators produce equal numbers of neutral, positive and negatively charged pions in the proton-proton beam dump. The neutral pions accompanying the charged parents of the neutrinos observed by IceCube decay into PeV photons that are only observed indirectly after propagation in the extragalactic background light. Losing energy, they cascade down to energies below 1 TeV observed by the γ-ray satellite Fermi [53] . The relative magnitudes of the diffuse gamma ray flux detected by Fermi and the high energy neutrino flux detected by IceCube imply that most of the energy in the non-thermal universe is produced in hadronic accelerators [54] . In fact, the assumption that the PeV photons accompanying IceCube neutrinos are the source of all high energy photons is consistent with the Fermi measurement of the extragalactic flux; see Fig. 5 . It is possible to escape this conclusion by assuming that the neutrinos are produced on a photon target by a beam of protons with a relatively flat spectrum. This assumption provides a very poor fit to the neutrino spectrum at lower energies, and even then a hadronic contribution to the high energy diffuse photon flux at the 10% level is still required.
Where do the observed astrophysical neutrinos originate? Figure 6 shows the arrival direction of the 3yr "High-Energy Starting Event" (HESE) sample in galactic coordinates for cascade events (filled circles) and track events (diamonds). Anisotropy studies of the arrival direction of HESE events are done by comparing the observed map to background maps that are obtained by right ascension scrambling of events. No significant local excess was found. Repeating the analysis for showers only, a hot spot appears close to the galactic center. After correcting for trials, the probability of such a cluster to arise from background alone is 7.2%. With the present statistics, the events appear to be consistent with an isotropic diffuse flux of neutrinos equally distributed between the three flavors. For instance, a single point source with a E −2 spectrum cannot be the origin of the cluster of eight events within a 30
• of the galactic center, apparent in Fig 6. Its flux would exceed the point source limits from dedicated searches [55, 56] . Correlation of the 3-year event sample with the galactic plane is also not significant: letting its width float freely, the most significant correlation was found for a 7.5
• width The fit assumes that the decay products of neutral and charged pions from pp interactions are responsible for the non-thermal emission in the Universe [54] . The thin lines represent an attempt to minimize the contribution of the pionic gamma ray flux to the Fermi observations. It assumes an injected flux of E −2 with exponential cutoff at low and high energy. The black data points are measured by the IceCube 3-year "High-Energy Starting Event" ("HESE") analysis [2] , the gray data points are from an IceCube analysis lowering the energy threshold for events starting in the detector even further [44] .
search window, with a post-trials chance probability of 2.8%.
In this context, one should not forget the strong, and almost certainly unrealistic assumptions underlying the connection between the point and diffuse fluxes. Besides the E −2 spectral shape, it is routinely assumed that the flux is time-independent which does not apply to extragalactic sources, and that the sources are not extended which does not apply to some galactic sources.
The high galactic latitudes of many of the high-energy events do suggest an extragalactic component at some level. We have therefore also searched for clustering of the events in time and investigated correlations with the times of observed GRBs. No statistically significant correlation was found in either search.
Where astronomy is concerned, the highest energy events in Fig. 4 represent a sample of ∼ 10 muon neutrinos with very little atmospheric background. These events can be reconstructed with better than 0.4
• resolution but were already included in the ongoing IceCube search for point sources which currently shows no evidence for clustering. The search for sources using these events in conjunction with multi-messenger followup observations is interesting and planned for these locations and future neutrino track locations.
Speculations on the origin of the astrophysical neutrinos have been many. Possible source candidates include galaxies with intense star formation [46, 54, [57] [58] [59] , cores of active galactic nuclei (AGN) [51, 60] , low-luminosity AGN [61, 62] , blazars [63] [64] [65] , low-power GRBs [66] [67] [68] , cannonball GRB [69] , intergalactic shocks [70] , and active galaxies embedded in structured regions [48, 54] . galactic scenarios are also viable and include the diffuse neutrino emission of galactic cosmic rays [71, 72] , the joint emission of galactic PeVatrons [73, 74] or microquasars [75] , and extended galactic structures like the Fermi Bubbles [71, 76, 77] or the galactic halo [78] . A possible association with the sub-TeV diffuse galactic γ-ray emission [79] and constraints from the non-observation from diffuse galactic PeV γ-rays [71, 80] , have also been investigated. More radical suggestions include PeV dark matter decay scenarios [81] [82] [83] [84] .
In summary, the presence of events at large galactic latitudes and the absence of significant event clusters suggests extragalactic sources although a galactic component cannot be excluded. Clearly, larger event samples will provide an unprecedented view into the non-thermal universe. The resolution of the origin of the observed astrophysical neutrino flux represents a great potential for discovery, but as with any new window on the universe, we have to be ready for surprises when we will be able to view the sky with more powerful instruments.
II. ICECUBE-GEN2 : FROM THE DISCOVERY OF COSMIC NEUTRINOS TO NEUTRINO ASTRONOMY A. Resolving the sources of astrophysical neutrinos
Given that the level of the neutrino flux observed is quite high compared to the diffuse high-energy gammaray flux, identifying the sources in multi-messenger and stacking analyses using astronomical catalogues is undoubtedly promising. Yet the search for point sources using neutrinos only has resulted in upper limits on the flux of individual galactic and extragalactic source candidates [55, [85] [86] [87] [88] [89] . This may suggest that the observed cosmic neutrinos originate from a number of relatively weak sources. It is indeed important to keep in mind that the interaction rate of a neutrino is so low that it travels unattenuated over cosmic distances through the tenuous matter and radiation backgrounds of the universe. The fact that neutrinos, unlike photons and cosmic rays, have no horizon makes the identification of individual pointsources contributing to the IceCube flux challenging [90] [91] [92] . IceCube in its present configuration is sensitive to rare transient source classes like GRBs within 5 years of operation via the observation of neutrino multiplets. Identification of time-independent sources is more challenging due to larger backgrounds. We estimate that during the same period IceCube is sensitive to sparse sources such as galaxy clusters by association of events with the closest 100 sources of an astronomical catalogue. A next-generation neutrino observatory with 5 times the point-source sensitivity of IceCube and otherwise similar detector performance would increase the sensitivity to source densities and rates by about two orders of magnitude [93] .
Despite the degraded angular resolution and the reduced potential for astronomy, the observation of electron and tau neutrinos to determine the flavor composition of the astrophysical neutrino flux should be a priority. Additionally, they complement the sky coverage of muon neutrinos at PeV energy, with wide acceptance over the southern sky as illustrated by the HESE analysis. At high energies the production and decay of unstable nuclei, e.g. neutrons with n → pe −ν e , or mesons, e.g. π + → µ + ν µ can be the origin of a neutrino flux. Note that the neutrino production from the decay of muons µ + → e + ν eνµ can be suppressed relative to pion decay if synchrotron losses are important. Hence, the flavor composition is likely energy dependent and can provide insight into the relative energy loss of high energy pions and muons in the magnetic field of cosmic accelerators [94] . Fig. 7 shows the neutrino flavor phase space ν e :ν µ :ν τ and the expected intrinsic flavor ratio in astrophysical sources from neutron decay (triangle), pion+muon decay (circle) and muon-damped pion decay (square). The observable neutrino flavor ratio is expected to be averaged over many oscillations. This leaves only a very narrow flavor composition range which is shown as the band inset in the center of Fig. 7 [97] .
Flavor identification is less challenging for neutrino energies greater than 1 PeV. The decay length of the τ produced in charged current (CC) ν τ interactions can be resolved by a neutrino observatory. Electron antineutrinosν e can resonantly interact with in-ice electrons via the Glashow resonance,ν e e − → W − , at neutrino energies of about 6.3 PeV. This would be observable as a peak in the cascade spectrum, depending on the relative contribution ofν e after oscillation. In principle, the neutrino-to-anti-neutrino ratios will allow us to answer the basic question of whether the cosmic neutrinos are photo-or hadro-produced in the source [97] [98] [99] .
B. Neutrinos from the Highest-Energy Cosmic Rays
The cosmic ray spectrum extends to energies of 10 20 eV. Over Hubble time the highest energy cosmic rays have interacted with microwave background photons producing neutrinos. These so-called GZK neutrinos are the decay products of secondary pions, e.g., from resonant γ + p → ∆ + → n + π + interactions [6] . The neutrino flux is calculable because we know the flux of the beam measured by Auger [100, 101] and Telescope Array [102] , the density of the photon target, 410 cm −3 , and the pγ cross section. In fact, the same interactions that produce the neutrinos limit the propagation of the cosmic rays in the microwave background to a horizon of less than 200 Mpc. This is the origin of the Greisen-Zatspin-Kuz'min (GZK) suppression [103, 104] .
While calculable, the predicted flux depends on the cosmic evolution of the still-unknown accelerators, and on the maximum energy and composition of the cosmic ray beam. Assuming protons, the rate of GZK neutrinos detected by IceCube is of order one event per year for the most optimistic models. The IceCube collaboration has performed a series of GZK neutrino searches [105] [106] [107] . The null observation of neutrino induced events above 100 PeV in a 2 year sample of data from the completed detector [107] excludes GZK neutrino production by source populations with strong cosmological evolution [108] , e.g. Fanaroff-Riley type II radio galaxies [109] . With the 5 years of data collected so far, IceCube is sensitive at the 68% C.L. to sources following the Star Formation Rate (SFR). Even the simplest extension of IceCube will result in rates increased by a factor 5 or more, and would predict a guaranteed observation if it were not for one assumption made so far: that the cosmic rays are protons.
Experiments disagree on the composition of UHECRs [110] . In general, a heavier composition tends to lower the predictions of GZK neutrinos [111] [112] [113] [114] [115] [116] [117] [118] [119] . However, even if the contribution of protons to UHECRs is only at the 10% level the flux of GZK neutrinos will be observed by a second-generation detector in 5 years for sources with SFR cosmological evolution [120] . It is interesting that the measurement of the GZK neutrino flux will provide constraints on the chemical composition of the highest energy cosmic rays independent from any conclusions reached from direct measurements by air shower detectors.
Additionally, an extended detector could observe an EeV astrophysical flux at the level of E 2 φ ν ≤ 1.0 × 10 −9 GeVcm −2 s −1 sr −1 per neutrino flavor, an order of magnitude below the cosmic neutrino flux observed at PeV energy. The complementary information extracted from observation of neutrinos in the PeV and EeV energy ranges should be powerful.
The Askaryan Radio Array (ARA) experiment [121] is a proposed large scale radio detector at the South Pole aiming to detect the radio emission from neutrino interactions in the 200MHz-800MHz frequency range where the signal is coherently enhanced by the Askaryan effect [122] . ARA will be sensitive to neutrinos above ∼100 PeV. Because of the kilometer-scale attenuation length of radio waves in ice, close to an order of magnitude larger than that of optical light, a radio array can be built in a cost-effective way with spacing of detector stations in shallow ice (200 m depth) of more than 1 kilometer. Since ARA is co-located with IceCube, a combined analysis of ARA and IceCube-Gen2 creates the opportunity for the simultaneous detection of neutrinos by their optical and radio Cherenkov emission. Hybrid events would result in a very valuable cross-calibration of these different detection methods. Undoubtedly, the most spectacular impact of the observation of EeV neutrinos would be the measurement of the neutrino cross section testing the electroweak model at a center-of-mass energy of 100 TeV, out of reach of accelerators. A sufficient number of events in either optical or radio detectors would allow a separation of the GZK flux and the neutrino cross section exploiting the measured zenith angle distribution.
C. Multi-messenger studies of transient phenomena
Multi-messenger astronomy, the confrontation of observations of cosmic rays, neutrinos, photons of all wavelengths, and, in the near future, gravitational waves will represent a powerful opportunity to decipher the physical processes that govern the non-thermal universe. The questions that can be addressed by multi-messenger astronomy are far-reaching: they include the origin of the ultra-high-energy cosmic rays [119, 123] , the identification of the processes leading to the highest-energy gammas and neutrinos [54] , the particle acceleration mechanisms [124] and the still enigmatic mechanisms powering gamma-ray bursts (GRB) [125, 126] . Especially the multiwavelength observation of the next galactic supernova explosion with the unprecedented neutrino statistics of IceCube-Gen2 represents an extraordinary opportunity to decipher the complex astrophysics and neutrino physics of the collapse of stars.
The next decade will witness a giant leap forward for multi-messenger astronomy. Large facilities will become operational that cover the electromagnetic spectrum from radio to gamma-rays with LOFAR [127] and the Square Kilometer Array (SKA, [128] ), the Zwicky Transient Facility (ZTF, [129] ) and the Large Synoptic Survey Telescope (LSST, [130] ) that will allow fast surveys to detect transients from supernovae and GRB afterglows. The High Altitude Water Cherenkov Detector (HAWC, [131] ) has started taking data and the Cherenkov Telescope Array (CTA, [132] ) will be a major step forward in gamma-ray astronomy with order-ofmagnitude sensitivity improvements over present generation instruments. Second-generation gravitational wave detectors such as the Advanced Laser Interferometer Gravitational Wave Observatory (LIGO, [133] ) and Advenced Virgo ( [134] ) are likely to directly observe gravitational waves for the first time thus greatly enhancing the potential of ongoing campaigns that already combine gravitational and neutrino signals in order to produce sub-threshold sensitivity [135] .
With its improved sensitivity, IceCube-Gen2 will be a unique instrument to complement these facilities. Neutrinos play a central role in multi-messenger astronomy, as they are an unambiguous signature for the acceleration and interaction of protons and nuclei. They provide an unobstructed and intact view of the sources because they escape extremely dense environments that are opaque to gamma rays, and are unaffected by the intergalactic medium between source and observer. IceCube has a long-standing coordinated observation program with the current generation of Cherenkov telescopes VERI-TAS and MAGIC [136] . They have performed follow up searches for interesting neutrino events. The VERITAS telescopes have been pointed in the directions of some of IceCube's highest energy muon neutrinos. Given the likely variability of extragalactic sources, we are enhancing this program to achieve observations within minutes of an interesting cosmic neutrino event.
Neutrino telescopes provide an uninterrupted view over the complete sky with an on-time of more than 99%. The search for neutrino emission from GRBs in coincidence with past astronomical alerts provides an example of the power of this technique. IceCube data have challenged the idea that GRBs are the origin of the extragalactic cosmic rays [137] [138] [139] and clearly ruled out models where neutrons escaping the fireball decay, producing the observed neutrino spectrum [87] . IceCube-Gen2 will be able to make a robust statement on the connection between GRBs and UHECRs.
Some GRBs have been classified as extreme supernova explosions [140] [141] [142] , although no evidence for jet formation is found in regular supernovae. The missing link between these two phenomena might be a class of supernovae that develops only mildly relativistic jets that fail to penetrate the outer layers of the progenitor star. To test this scenario the directions of interesting muon neutrino events in IceCube are already sent to a variety of optical and X-ray telescopes which search for evidence of supernovae at these positions [143] . IceCube-Gen2 will allow us to extend this program in the 2020s, overlapping with a new generation of very powerful wide-field optical telescopes like ZTF and LSST that survey large parts of the sky every few days. Even if only 1% of supernovae develop jets, IceCube-Gen2 will be able to detect several neutrinos per year correlated to such events [126] , hence shedding light onto the supernova-GRB connection.
IceCube currently provides the world's most precise opportunity for measuring the time evolution of a galactic supernova explosion [143] . The signal is predominantly produced by Cherenkov photons emitted from neutrino induced positrons in the volume of ice immediately surrounding each DOM. The subsequent simultaneous rate increase in all IceCube sensors is statistically extracted above a floor of dark noise that is of the order of only 500 Hz per DOM. IceCube will observe one million neutrinos from a supernova near the galactic center; its sensitivity matches that of a background-free megaton-scale supernova search experiment. The sensitivity decreases to 20 standard deviations at the galactic edge (30 kpc) and 6 standard deviations at the Large Magellanic Cloud (50 kpc). Although this method of detection prevents the details of individual neutrino interactions, i.e. the neutrino type, energy and direction, from being identified, we have shown [144] , that the average neutrino energy can be traced to better than 10% accuracy for distances less than 10 kpc.
The IceCube high energy extension would more than double the number of IceCube photosensors. Additionally, PMTs with 30% higher quantum efficiency than that of regular IceCube PMTs (albeit with 25% increased dark noise) would be deployed. The sensitivity for a supernova collapse in the region of the Magellanic Clouds would increase to ∼ 10 standard deviations, helping to resolve more details of the supernova neutrino light curve. Additionally, the more than 20 years of planned operation would significantly increase the chance to observe a galactic supernova.
D. IceCube-Gen2 : A Tool for Physics
IceCube has produced world-best limits on the cross section for spin-dependent dark matter particles interacting with ordinary matter for the dark matter mass range of 50 GeV to 5 TeV. They are derived from the failure to observe the production of neutrinos from dark matter particles that annihilate when gravitationally trapped by the sun [145] . Having no alternative astrophysics explanation, such an observation would represent incontrovertible evidence for dark matter. Plans for the PINGU lowenergy extension of IceCube will extend such searches to masses of a few GeV [4] . Indirect neutrino searches have also used the Earth, the galactic halo [146, 147] and galaxy clusters as targets. As for direct searches, even incremental increases in sensitivity are important given the fundamental physics addressed. This applies to other topics ranging from new particle searches [148] to the search for the signatures of TeV gravity models and extra dimensions [149] [150] [151] [152] . Physics beyond the standard model can also be probed by our measurements of atmospheric neutrino interactions in a new energy regime [153] [154] [155] [156] , including the EeV energy range of GZK neutrinos previously discussed.
The surface array IceTop [157] has proved to be a valuable component of IceCube at a modest marginal cost of approximately 5%. Accordingly, for the high-energy array we include in the baseline planning a single surface detector near the top of each deployed string. With a spacing of 250 m, such a surface array will provide a high-resolution measurement of the primary spectrum from 10 PeV to above one EeV. Most importantly, with the larger aspect ratio of IceCube-Gen2 high-energy array the acceptance for coincident events seen by both the surface array and the deep array increases by a factor of 40, from 0.26 km 2 sr to ∼ 10 km 2 sr. The ratio of the signal of ∼TeV muons in the deep detector to the size of the surface shower will allow an unprecedented measurement of the evolution of the primary composition in the region where a transition from galactic to extragalactic cosmic rays is expected.
A surface array also acts as a partial veto for cosmicray and atmospheric neutrino backgrounds to highenergy neutrinos in the deep detector. While IceTop provides a veto that covers only about 3% of the southern sky, with the larger aspect ratio of the high-energy array, approximately 20% of the southern sky will have surface coverage. Strategies are under study to extend the surface array beyond the footprint of the array. A larger surface array would enable extended searches for >PeV gamma-rays [158] and larger acceptance for measurements of cosmic-ray anisotropy [159] .
III. DESIGN OF ICECUBE-GEN2
The IceCube Neutrino Observatory builds on the experience with AMANDA [25] and has substantially improved the understanding of the Antarctic ice as a detection medium for neutrinos. This understanding has reached a maturity which allows us to perform searches which had not been anticipated in the initial design. These searches include the precision measurement of neutrino oscillations, the reconstruction of cascade-like events with about 10
• directional resolution and few percent energy resolution, and full sky searches for cosmic neutrino point sources with an angular resolution below 0.5
• , all performed with a sensitivity that surpasses the original design by a factor 2 or more. These successes developed the expertise and provided the experience to design the next generation instrument with a substantially increased detector volume.
As part of building and calibrating the IceCube detector, the optical properties of natural ice over large distances were carefully measured, with the surprising discovery that the absorption length of the Cherenkov light to which the DOMs are sensitive exceeds 100 m − 200 m, depending on depth. Therefore, it is possible to instrument a significantly larger volume of ice with lower string densities than used in IceCube.
The larger spacings do of course result in a higher energy threshold. While the 100,000 or so atmospheric neutrinos that IceCube collects above a threshold of 100 GeV every year are useful for calibration and neutrino physics studies, they also represent a background for isolating the cosmic component of the flux. The peak sensitivity to an E −2 spectrum is reached at 40 TeV [160] . While the IceCube detector has to be efficient below that energy, a detector with a higher energy threshold can be considered without loss of astrophysical neutrino signal.
Design work is now underway on this next generation neutrino observatory, IceCube-Gen2 , with the goal to instrument a volume of 10km 3 , and deliver a substantial increase in sensitivity to astrophysical neutrinos of all flavors. IceCube-Gen2 would build upon the existing IceCube detector infrastructure, and would take advantage of the very long absorption lengths found in the glacial ice near the IceCube detector to add additional instrumentation with significantly larger string separation distances. Building this larger instrument would be achieved with a comparable number of strings used in the existing IceCube detector, and would target neutrino energies above ∼ 50 TeV with high efficiency.
While detailed studies toward a design are ongoing, several design considerations are clear and understood. A detector sensitive to high-energy astrophysical muon, electron and tau neutrino flavors requires the correct combination of instrumented volume and projected surface area in all directions. This optimization is done by selecting larger string spacings, which increases the energy threshold as the instrumented volume increases, and geometrical arrangement of the deployed strings, which can trade detector instrumented volume for detector cross-sectional area. Detection of neutrino-induced muon track events will scale with the detector cross sectional area, while the neutrino shower events produced by electron and tau flavors, and neutral current interactions will scale with instrumented volume. These studies will culminate in a string arrangement and detector design that delivers a next generation instrument with optimal sensitivity to all flavors of neutrinos.
The most important aspect of a larger instrument in the glacial ice are the optical properties of the ice, where the measured absorption length of the Cherenkov light to which the DOMs are sensitive exceeds 100 m. In fact, in the lower half of the detector it exceeds 200 m. Although the optical properties vary with the layered structure of the ice, the average absorption and scattering lengths dictate the distance by which one can space strings of sensors without impacting the uniform response of the detector. Early studies indicate that spacings of ∼ 240 − 300 m are acceptable while maintaining high efficiency to astrophysical neutrinos.
The optical properties of the glacial ice prevent us from using optical modules at depths much shallower than the current instrumented range used by IceCube (with instrumented depths between 1450m and 2450m). From the depth dependence of the absorptivity of the Antarctic ice (shown in Fig. 8 ), we will be able to extend the strings by 75 m at the top and 175 m at the bottom. This string length extension leads to a 25% increase in the geometric area for horizontal track events and therefore a 25% increase in effective area for such events.
Another key for the successful scientific operation of IceCube has been the excellent reliability of the Digital Optical Modules (DOMs) [161] , drilling and DOM deployment operations [161] and data systems [162] , which have resulted in a stable data taking at more than 99% uptime. We will base our studies conservatively on these successful technologies, only slightly modified to newer components and higher efficiencies. The main method to achieve a significant enlargement of the next generation instrument are an increased horizontal spacing between strings and an increased instrumented length for each string, either by increasing the vertical distance between DOMs or adding additional DOMs to each string.
To begin investigating the performance of possible future detector designs, we studied a benchmark detector in simulation: a compact detector with string placements excluding parts of the South Pole area currently not eas- ily available for drilling as shown in Fig. 9 . As a baseline spacing for new strings, we use a distance of approximately 240 m, but other distances up to 360 m have also been considered. The geometrical placement of strings is still being optimized and different options are being explored to optimize the physics potential for all neutrino flavors and event channels, such as incoming tracks and events with contained vertices. The geometry of this benchmark detector consists of strings on a non-regular grid avoiding symmetries that deteriorate acceptance and resolution for muon tracks. The benchmark geometry is compared to the IceCube detector in its completed 86 string configuration and is used to scale sensitivities to a 10 km 3 instrument. The projected areas of two of the considered geometries are compared to IceCube-86 in Figure 10 . As the detector volume grows in these geometries, the exposed area increases and reaches up to ∼ 10 km 2 area, substantially larger than the IceCube area.
A. Neutrino sensitivity considerations
Several factors determine the sensitivity to astrophysical neutrinos for each detection channel and neutrino energy range. These factors include detector volume, projected cross sectional area, energy and angular resolution, and background event rates. The overall sensitivities of each potential detector design need to be evaluated. To date, these are done by scaling existing IceCube analysis to the larger instruments without optimization to the larger detector, which can potentially underestimate the gains in sensitivity of detector designs. Additionally, novel background rejection techniques such as a surface atmospheric event veto can greatly change the overall sensitivity of the instrument, and are not applied in these studies.
For a traditional point source search, which relies on muon tracks produced by charged current interactions of muon neutrinos in or near the instrumented volume, the sensitivity increases with the projected cross sectional area relative to source direction. At the energies of interest for astrophysical neutrino searches, these muons have ranges that routinely exceed 10 km, greatly extending the sensitivity of these searches.
Search sensitivities of the detector will scale approximately with the square-root of the increase in cross sectional area and linearly with the angular resolution. For a large portion of the sky, an increase in angular resolution is expected from the longer track lengths observed in the larger instrument. The angular resolution can further be improved by using better, more computationally intensive reconstruction methods that use a more detailed model of the ice properties in the instrumented volume. Combined with an increase in effective area of a factor of ∼ 5 (assuming optimized string distances and extended string instrumentation depths), we aim for an increase in sensitivity of a factor of ∼ 5 and beyond.
A search for electron or tau neutrino interactions depends on observation of an electromagnetic cascade resulting from the interaction of the neutrino with nucleons inside the instrumented volume. As the secondary particles have very short track lengths compared to the instrumentation spacing, these events appear as nearly spherical light depositions in the detector.
These neutrinos generally interact with nucleons in the ice via deep-inelastic scattering (DIS) processes, but electron anti-neutrinos with an energy of E ν ∼ 6.3 PeV have an enhanced probability to scatter off atomic electrons in the ice by forming an on-shell W − -boson, the so-called Glashow resonance (GR). [3] The resonance would be observable mostly as a peak in the cascade energy spectrum.
The neutrino energy is determined from the "visible" energy E vis , defined as the energy deposit of a purely electromagnetic cascade that produces the observed Cherenkov light. The GR events exceed the continuum of DIS induced cascades around E ν = 6.3 PeV. An overview of the expected number of DIS and GR contained events for benchmark detector configurations and different neutrino fluxes is given in Table I . These expectations are lower in the case of pure pγ sources because of the suppressed electron anti-neutrino contribution [99] . As an example, in IceCube-86 and assuming an E −2 spectrum at the measured neutrino flux level, we expect to observe 0.9 GR contained cascades induced by electron anti-neutrinos with energies between 5 PeV and 7 PeV per year. This is for an assumed neutrino to anti- neutrino ratio of (ν e :ν e ) = (1 : 1), which is a generic prediction for pure pp sources [163] .
A signature of a tau neutrino is a cascade from the tau neutrino charged current (CC) interaction, followed by a second cascade (hadronic or electromagnetic) from the tau decay. If the cascades are well separated, the signature is called a double bang [164] . Figure 11 shows the tau neutrino sensitivity of the benchmark design, assuming a neutrino flux as measured by the 3 year HESE search [2] and equal oscillation into all three flavors at the detector. An extended geometry will yield a factor of 10 increase in double bang tau neutrino event rates at PeV energies compared to IceCube.
IceCube-Gen2 would also be able to perform searches for GZK neutrino (see section II B) by looking for neutrino events with energies above 100 PeV. The benchmark design shows that a factor of ∼ 5 increase in event rate can be achieved by a 10 km 3 detector when compared to IceCube, where several models predict a single event per year in IceCube for a proton-dominated extragalactic cosmic ray flux.
B. Vetoing atmospheric backgrounds
Most of the preliminary studies mentioned above presume that the southern sky is inaccessible to the detector when considering incoming tracks due to the overwhelm- ing background of muons from cosmic ray air showers. This background can be greatly suppressed by dedicating parts of the in-ice instrumentation in order to tag incoming muon tracks. This method has been used in a growing number of analyses, including the first observation of an astrophysical neutrino flux [1] . In addition to in-ice veto strategies, cosmic-ray showers can be directly vetoed on the ice surface. A surface veto detector, possibly based on technology similar to IceTop (or a simplified version of it), and extended to large areas of several km 2 can be used to detect CR air showers, and veto the in-ice muons and neutrinos they produce. Such a surface veto is not considered in the scope of the benchmark designs presented here, but preliminary studies have shown that it has the power to greatly increase the sensitivity to sources in the southern sky.
With the addition of a cost-effective atmospheric veto, all-sky neutrino studies would be possible without having to restrict samples to smaller detector volumes or neutrino energies above atmospheric muon backgrounds. As the energy spectrum in the southern sky is not limited by neutrino absorption in the Earth, the potential for sensitivity gains is large, and further studies will consider the inclusion of a surface veto component.
IV. INSTRUMENTATION & DEPLOYMENT
Important considerations in the construction of IceCube-Gen2 are a robust design for the instrumentation that is deployed into the ice and improved performance and reliability of the drilling equipment used to deploy that instrumentation into the ice. The designs of the digital optical module (DOM) and Enhanced Hot Water Drill (EHWD) used in the IceCube MREFC construction project have proven to be cost effective and robust. With almost 5 years of operation for the completed IceCube detector (and more than 10 years of operation for the first deployed DOMs), 98.5% of the IceCube DOMs are still operating and collecting high-quality physics data. Less than 1% were lost during deployment, very few during operation. At the peak of IceCube construction, the EHWD efficiently allowed for the deployment of 20 strings in a single season.
The instrumentation and drilling systems for IceCubeGen2 are designed closely following the demonstrated IceCube technologies, with targeted improvements for overall performance and new capabilities. While the IceCube-Gen2 baseline DOM keeps the robust structural elements of the IceCube DOM, we will introduce a modern, more powerful set of electronic components into its design. The EHWD design focuses on a modular system that will operate with higher efficiency and require less maintenance in routine operation. Based on the successes of the IceCube project, the IceCube-Gen2 DOM and EHWD systems can be developed with low levels of cost and schedule risk. Additionally, given the digital nature of the detector concept, the IceCube-Gen2 extension to IceCube will be operated together with IceCube as a single facility, and will be operated without a significant increase in cost.
Both the instrumentation design (DOM, cable and readout) and deployment (EHWD) are shared with the PINGU low-energy array as part of the IceCube-Gen2 infrastructure, providing significant reductions in cost and enhancing flexibility.
A. Advances in optical module and electronics design
At the heart of the IceCube-Gen2 design is an updated DOM. Each DOM consists of a photomultiplier tube and electronics for digitization, control and calibration enclosed in a pressure resistant glass sphere. In operation, each DOM is an independent light collection unit, responsible for self-triggering, time synchronization, digitization and transmission of recorded data to the surface DAQ for detector triggering and readout. Figure 12 highlights the design changes for the next generation DOM. The design of the IceCube-Gen2 DOM maintains the same structural elements used in the IceCube design. All elements that are exposed to the intense forces and pressures when the hole refreezes are left unchanged, including the glass pressure sphere, waist band and cable penetrator. The IceCube-Gen2 DOM design uses the high quantum efficiency 10 inch diameter photomultiplier used in the IceCube Deep Core sub-array, as well as the same mu-metal magnetic shield cage and silicone gel coupling the PMT to the glass pressure sphere. By maintaining these proven components from the IceCube design, many of the environmental and structural design risks are mitigated.
The high voltage supply, signal digitization, calibration signals and DOM-to-surface communications will be updated from the original IceCube DOM designs. The ∼15 year old electronics design of IceCube digitizes the PMT waveforms at 300 MHz using custom ASIC chips (ATWD: Analog Transient Waveform Digitizers, [162] ) under the direction of an FPGA-based system mainboard. Both components, as well as other mainboard components, are no longer available. The updated IceCube-Gen2 DOM design will provide the same functionality by incorporating modern, commercial components, including high-speed ADCs for triggerless signal digitization, and more powerful FPGA/CPU systems that provide significantly more functionality with reduced power consumption and an overall simpler design. Additionally, the surface electronics supporting the next generation DOM are also redesigned. With the shift to widely used, commercially available components, the redesign of all electronic systems can be accomplished with minimal risk, and reduced power consumption and overall cost. Additionally, the next-generation DOMs will support greater multiplexing for communication with the surface electronics, allowing for additional cost savings and simplification of the cable infrastructure of IceCube-Gen2 .
In parallel, new concepts for optical sensors, employing multiple small PMTs or wavelength-shifting and lightguiding techniques, are being studied [4] . These will col- lect at least a factor two more Cherenkov photons per module, and while the multi-PMT DOM yields intrinsic directional information, the wavelength-shifting module features would produce very low noise levels. PINGU will serve as a testing platform to study the performance and reliability of these new concept optical sensors in-situ. In the end, a combination of different module types may provide the best sensitivity.
B. Evolution of the hot-water drill
The EHWD [165] was used to create the vertical ∼ 2.5 km-deep water holes in the Antarctic glacier in which strings of DOMs were deployed at a rate of 20 for a single summer construction season. The EHWD consists of two primary components, a fern drill used to thaw the compacted snow near the surface, and a high pressure recirculating hot water drill that delivers 5 MW of thermal power to melt a vertical column of ice to depths greater than 2.5 km into the glacial ice. While substantial portions of the successful IceCube EHWD remain available for reuse, others have been repurposed. Additionally, the larger spacings between string locations in the IceCubeGen2 plan provide logistical challenges for the IceCube EHWD design, where a central high-pressure hot water plant was erected each season from which hot water was piped to the 20 string locations. The IceCube EHWD also required a large expert crew for operation and a significant maintenance effort to maintain efficient operation.
The EHWD system considered for IceCube-Gen2 addresses these issues, providing a more mobile and efficient high-pressure hot water plant that reuses several ex-isting IceCube EHWD components. The IceCube-Gen2 EHWD system is based on a modular design that is sledmounted to move between groups of strings in a single season. The high-pressure hot water plant will consist of several modular water heating and pumping units, each consisting of a microturbine generator, a heat exchanger for waste heat recapture, water heaters and a high pressure pump. Several of these units would work in parallel to provide the needed hot water for deep-ice drilling. The proposed system would greatly reduce the complexity of the water heating plant, enabling the system to operate with a smaller labor force and reduced maintenance. The remaining components of the IceCube-Gen2 EHWD system would be built from IceCube EHWD components, including the cable and hose reel systems, the drilling and deployment towers and all drilling support systems. The IceCube-Gen2 EHWD system will also filter and degas the water used in the drilling system to provide better optical properties in the refrozen ice column.
V. CONCLUSIONS
With the detection of an astrophysical neutrino signal, IceCube has detected the "first light" in the field of high-energy neutrino astronomy. However, detailed spectral studies and searches for specific source locations in this signal remain a challenge with the event sample sizes available from the current IceCube instrument.
Design studies for a larger instrument, the IceCubeGen2 high-energy array, are well underway. They will result in an instrumented volume approaching 10 km 3 and will lead to significantly larger neutrino detection rates, across all neutrino flavor and detection channels. With these large astrophysical neutrino samples and the improved reconstruction and background rejection techniques, detailed searches for sources and studies of neutrino spectra are possible, both alone, and in conjunction with the next generation of electromagnetic and gravitational observatories. Beyond neutrino astronomy, this instrument will have a broad physics program that includes searches for beyond-the-standard-model physics, studies of the properties of cosmic rays, and searches for neutrinos from nearby supernova.
As previously stated, the path to the next generation neutrino astronomy instrument is clear. A complete preliminary design for IceCube-Gen2 that combines the robust systems for drilling and detector instrumentation demonstrated with the IceCube detector with an optimized geometrical sensor arrangement that maximizes sensitivity to astrophysical neutrinos is being finalized now. Once in operation, the IceCube-Gen2 high-energy array, as part of the larger IceCube-Gen2 facility at South Pole will truly be the flagship for the emerging field of neutrino astronomy.
